In this study, the experimental results exhibit that the mixture of water + acetic acid + methyl acetate + pxylene has interesting phase behaviors of vapor-liquid equilibrium (VLE) and vapor-liquid-liquid equilibrium (VLLE) under pressure of 101.32 kPa. The VLE and VLLE data were obtained with a condensed-vapor-phase-recirculating still as described in the text. The experimental data are useful to the design and operation of the purification process of acetic acid.
INTRODUCTION
Acetic acid is a very important chemical reagent in chemical industry. It can be used as a solvent or an additive for producing paints, dyes, soft drink bottles, photographic film, wood glue, and synthetic fiber and fabrics. There are different commercial processes in chemical industry for acetic acid production. But the difficulty in purifying acetic acid is commonly encountered among these commercial processes due to the presence of azeotrope-like mixture of acetic acid and water in the acetic acid-rich region. To separate this mixture, the process of azetropic distillation using an entrainer to remove water by forming a water-entrainer azeotrope has usually been applied. Processes using different entrainers, such as by Othmer [1] using ethyl acetate, Tanaka and Yamada [2] using butyl acetate and propyl acetate, and Chien et al. [3] using isobutyl acetate, have been studied for a long time. In these azeotropic distillation processes, water is mainly removed by forming an entrainer-water azeotrope in the settler after the first separation column. A favorable entrainer is inexpensive and has the large water content in azeotrope. Unfortunately, among the entrainers mentioned above, none of them has both advantages or is superior to others. And besides, they are not the by products generated in the chemical reactions of acetic production processes. From the viewpoint of thermodynamics, an additional component such as the alien entrainer mentioned above will increase one more degree of freedom of the system and makes the separation more complicated. Thus, a more favorable entrainer is being searched to improve the acetic acid purification process. From literature, it is interesting to find that pxylene, a by-product of reactions during acetic acid *Address correspondence to this author at the Department of Chemical and Materials Engineering, National Central University, Chung-li 32001, Taiwan; Tel: 886-3-425-0224; Fax: 886-3-425-2296; E-mail: t3100206@ncu.edu.tw production, will form a p-xylene-water azeotrope with water content larger than the azetropes of water-ethyl acetate, water-propyl acetate, water-isobutyl acetate, and water-butyl acetate. The advantage of the large water content and that of p-xylene is a by-product of reaction causes it to be considered as one of the feasible entrainer. To study the feasibility of using p-xylene as an entrainer, the thermodynamic data of the quaternary mixture of water + acetic acid + methyl acetate + p-xylene are necessary. Unfortunately, the phase equilibria of this mixture have not been reported in the literature. In this study, the phase behaviors of vapor-liquid equilibrium (VLE) and vapor-liquid-liquid equilibrium (VLLE) were observed and the experimental data of phase equilibrium of this quaternary mixture useful for process design were provided. Then the experimental VLE and VLLE data were correlated with the non-random two liquid (NRTL) and the universal quasi-chemical (UNIQUAC) activity coefficient models, respectively, as discussed in the latter part of this report.
EXPERIMENTS Chemicals
The chemicals for this study are all GR grade of acetic acid (Riedel-deHa n Company, 99.8 mass%), p-xylene (Baker Company, 99.7 mass%), methyl acetate (Merck Company, 99.0 mass%), ethanol (Merck Company, 99.8 mass%), dibutyl phthalate (Aldrich Company, 99.0 mass%), and de-ionic water generated from a Millipore water generator with an electric resistance of less than 18.2M
Verification of a Very Slow Reaction
It is known that acetate and water, in the present of catalyst, will react reversibly, and will affect the VLE and VLLE behaviors. In order to obtain the correct and reliable VLE and VLLE data of water, acetic acid, methyl acetate, and pxylene mixture, it must be verified whether the reaction ex-ists during experiment. The verification was made by observing the composition change of a ternary mixture of acetic acid, water, and methyl acetate with a designated mole ratio of 1:1:1 without catalyst. This mixture was prepared in a flask and stirred more than 40 min. at the temperature of 343.15 K and then sample was taken from flask every 30 min. for gas chromatography (GC) analysis. The analysis results of the collected samples were plotted as Fig. (1) . The total experiment time of 300 minutes was considered long enough for phase equilibrium experiment. When all the experimental points were plotted, it showed that the reaction effect on the phase equilibrium of this mixture was negligible. Fig. (1) . Reaction experiment of water + acetic acid + methyl acetate + p-xylene mixture at 343.15 K. : water; : acetic acid; △: methyl acetate.
Composition Analysis of Mixtures
In this study, the compositions of vapor and liquid phases were determined by GC analysis. For this purpose, three binary calibration curves of constituent components, wateracetic acid, methyl acetate-acetic acid, and p-xylene-acetic acid, were separately prepared prior to phase equilibrium experiments. Each calibration curve related to the composition and peak area ratio obtained from GC analysis of each binary mixture was prepared. Based on these three calibration curves, the compositions of each component of the present quaternary mixture can be calculated through mathematical manipulations given in Appendix.
VLLE Experiments
The recirculation still used for VLLE experiments in this study is similar to that for our previous report [4] and also shown as Fig. (2) . At the beginning of each experiment, the water + acetic acid + methyl acetate + p-xylene mixture was prepared with methyl acetate less than 0.01 mole percentage, which is the approximate composition of methyl acetate in the outlet stream of the process reactor. This quaternary mixture, about 350 mL, was fed into an equilibrium cell and then steadily heated by a hot plate. A stirrer in the equilibrium cell kept the temperature and composition of liquid mixture uniform. According to our experience, heat was needed to the vapor phase to attain and maintain the constant equilibrium temperature of the mixture. It was supplied by circulating silicon oil in the inner jacket around the condenser in addition to an outer vacuum jacket to prevent heat loss. The vapor and liquid temperatures were measured using thermocouples ( Macro Fortunate Company, Model TM-907A) with the uncertainty of 0.01 K. During the VLLE experiments, two liquid phases were clearly observable in the equilibrium cell even with agitation. It is worth mentioning that in our experiments, the condensed vapor would split into two liquid phases and the lighter phase always remained above the denser phase and could not return to the equilibrium cell. To overcome this difficulty, a liquid pump was installed to force the condensate back to the cell. This operation would accelerate the experiment but not affect the VLE from the thermodynamic view point. It was observed that 40 minutes will be enough for ensuring VLLE, through analyzing the collected samples of test run at different time periods, after equilibrium temperature was reached. For analyzing the vapor samples, which split into two liquid phases when condensed, pure ethanol was used as cosolvent to homogenize the two liquids before GC analysis. The peak area of ethanol would be excluded from GC analysis while calculating the correct composition. For liquid phase composition determination, about 8 mL of liquid mixture was transferred with a syringe from equilibrium cell to a LLE bottle which was kept at the same temperature as that of VLLE experiment and allowed to settle and separate into two liquid phases. After liquid-liquid equilibrium (LLE) had been reached (minimum 50 minutes was required), two liquids were separately sampled for composition analysis. It should be mentioned that the VLLE experiments were conducted at the constant pressure of 101.32 kPa (760 mmHg) by a pressure control system, shown in Fig. (3) , with a simple apparatus that took advantage of the local atmos- pheric pressure being always lower than 101.32 kPa. In this apparatus, nitrogen gas was supplied at constant 101.32 kPa to the cell and a scaled glass column filled with dibutylphthalate whose level in glass column was determined by the daily local atmospheric pressure measured with a Fortin barometer. The uncertainty of pressure control was 0.1333 kPa (1.0 mmHg). During experiments, the peaks of GC analysis were carefully examined to ensure that nitrogen, which was used in the pressure control system, did not dissolve in mixture and affected the phase equilibrium. The compositions of all equilibrium phases were analyzed with a gas chromatography with a thermal conductivity detector (TCD) of a 2m 1/8 in Porapak Q column. The optimum operation conditions of the present analysis were: injection port, 200 o C; oven temperature, 160 o C; detector temperature, 160 o C; detector current 80 mA; carrier gas (helium, 99.9%) flow rate 30 mL min -1 .
In order to ensure the reliability of apparatus, instrument, and experimental skill to obtain reliable experimental data, a test on the vapor-liquid equilibrium of water and acetic acid mixture was conducted at 101.32 kPa. The equilibrium compositions of the mixture of this test fairly match the literature data of Ohe [5] as shown in Fig. (4) . 
VLE Experiments
The VLE experiments were conducted with the same apparatus for VLLE experiments. With the same procedure as the VLLE experiments, a liquid mixture was prepared and fed into the equilibrium cell and then smoothly heated till the phase equilibrium was reached where the liquid and vapor temperatures must be maintained constant for more than 40 min. to ensure phase equilibrium was attained. During experiment, the observation of a homogeneous liquid phase ensured that the phase equilibrium is true VLE and samples of liquid and vapor phases were separately taken with syringes for GC analysis. During VLE experiments, assurance for the total return of condensed vapor was needed whether the condensed vapor was a single or a two-liquid phase. With the process similar to the VLLE experiment, a circulating pump was used to force the condensate back to the equilibrium cell in case two liquid phases occurred on the return path. The compositions of the vapor and liquid phases were analyzed with a gas chromatography as described in the previous paragraph for VLLE experiments.
EXPERIMENTAL RESULTS

VLE
30 experimental VLE data of water + acetic acid + methyl acetate + p-xylene mixture were collected and, based on the order of equilibrium temperature, listed in Table 1 . Unfortunately, a phase diagram similar to that for a binary or a ternary mixture could not depict these quaternary data, and thus, only the numerical values were presented.
VLLE
25 VLLE data of this quaternary mixture were collected and listed in Table 2 showing the compositions of aqueous phase, organic phase, and vapor phase. Similar to the VLE data, all these equilibrium data were difficult to depict by a phase diagram. Table 2 shows that the boiling point of VLLE varied in a small temperature range between 364.68 K and 376.60 K and the composition of p-xylene in vapor phase varied slightly.
THEORETICAL BACKGROUND VLLE
The phase equilibrium criteria for VLLE of a quaternary mixture are the equal temperature and pressure through out all phases and the equal fugacity of each constituent component in each phase. If the fugacities of the vapor and liquid phases are expressed in terms of fugacity coefficient and activity coefficient, respectively, then the equation of equal fugacity for a component is expressed as Eq. (1). Where the exponential term is the Poynting factor negligible at low pressure and Eq. (1) In general, the fugacity coefficient of a system under one atmospheric pressure should be unity without doubt. But for the present mixture with acetic acid this consideration is not correct since even in vapor phase, acetic acid will selfassociate to form dimmers and trimers and will affect the phase equilibrium estimation. To handle this effect, the Hayden and O'Connell approach [6] was adopted. This approach will not be repeated here since it is available in the open literature.
VLE
For VLE, the theoretical consideration is identical to that of VLLE except only one liquid phase is considered. Thus, a VLE system has the less number of equilibrium equations than a VLLE system does. The equations for VLE will not be repeated here. However, the association effect of acetic acid in vapor phase that will affect phase equilibrium calculation of the present mixture must be considered as done for the VLLE calculations.
CORRELATION OF EXPERIMENTAL DATA
The experimental VLE and VLLE data of water + acetic acid + methyl acetate + p-xylene quaternary mixture were correlated with liquid activity coefficient model. There are many mathematical techniques that can be applied for the present data reductions. Here, the maximum likelihood principle, which assumed that the experimental errors were random and independent and had the advantages of accounting for each concerned variable, was employed. The objective function for the VLE data correlation is in the form of 3  1  2  3   exp  2  exp  2  exp  2  exp  2  3  3  1  1  2  2  3  3  2  2  2  2 ( ) (
where N T is the total number of data point and i represents the standard deviation of variable i. The values of of temperature and pressure were determined by the accuracy of the measurements and the random errors of researchers. And those of vapor and liquid compositions were related to the measurement error and inaccuracies of calibration curves. For the present correlation, the values of the standard deviations in the objective function were x = 0.001, y = 0.01, T = 0.1 K, and P = 1 mmHg. The physical data and parameters required for correlation were listed in Table 3 .
For the correlation of VLE of this quaternary mixture, the models of UNIQUAC [7] and NRTL [8] had been used. Both models can be found from the open literature or textbooks, and will not be described here again. It is observed from the correlation results that the NRTL model [8] provided the better results. Thus, only the optimum binary parameters minimizing the above objective function obtained from this model were reported in Table 4 . And during correlating experimental data, a value of 0.3 was considered for the nonrandomness factor. Because experimental and calculated data involved were too extensive to be listed in data correlation, and with the consideration of the brevity of text, only the average absolute deviation (AAD), average absolute relative deviation percentage (AARD%), and root mean square deviation (RMSD) of the correlation results of boiling temperature, vapor and liquid compositions of each component were given in Table 5 . This table showed that the correlation re-sults were fairly well. The largest AARD among temperature and compositions was 6.79% of water component. The objective function for the VLLE data correlation was expressed in the form of
Where the standard deviation of each variable, , has the same meaning as explained in the previous paragraph of VLE correlation. The liquid activity coefficient models considered for correlation were also NRTL [8] and UNIQUAC Zra: Rackett parameter for saturated-liquid molar volume correction [9] . : acentric factor [10] . DM: dipole moment [10] . RD: mean radius of gyration [10] . r: structure volume parameter for the UNIQUAC equation [9] . q: structure area parameter for the UNIQUAC equation [9] . q : structure area parameter for the modified UNIQUAC equation [9] .
: association or solvation parameter [9] . [7] . It was observed that the correlation with the NRTL model [8] was a failure and thus, only the results obtained from the UNIQUAC [7] model were reported. With the consideration of the brevity of text, only AAD, AARD, and RMSD of temperature, compositions of vapor and the two liquid phases were reported in Table 6 . The correlation results were fairly well with the exceptions of the compositions of p-xylene in aqueous phase, water in organic phase, and p-xylene in vapor phase for which AARD% was larger than 10.00%.
CONCLUSION
In this study, the quaternary mixture of water + acetic acid + methyl acetate + p-xylene was experimentally determined that it had the phase behaviors of VLE and VLLE at 101.32 kPa. The experimental data of VLE and VLLE were listed in Tables 1 and 2 , respectively. The former phase behavior exhibits between 367.14 K and 386.85 K and the latter behavior exhibits in a smaller temperature range between 364.68 K and 376.60 K. Before the experiments of phase equilibrium, the chemical reactions that would affect the phase study were checked and ensured that the reaction effect was negligible for the present mixture without catalyst. The experimental data of both phase behaviors were collected and reported numerically since it was difficult to depict a quaternary mixture by a phase diagram.
The VLE data sets were correlated with the NRTL [8] and UNIQUAC [7] models and only the results by the NRTL model were reported due to its superiority over the UNIQUAC model for this mixture. The data sets of VLLE were also correlated with the NRTL and UNIQUAC models, but only the results by the UNIQUAC model were reported due to the unsuccessful results of the NRTL model. Attributed to the presence of a strongly associating component, acetic acid, the polymerization effect of this compound on phase equilibrium was considered and handled with the Hayden-O'Connell approach [6] . 
